Introduction
mainly via the thiolate groups of their numerous cysteine residues thereby forming metal-thiolate clusters. Histidine residues found in some MTs can also serve as ligands for metal ion coordination. 5, 6 The field of vertebrate MTs is sustained by 50 years of intensive research; however, despite important recent contributions, the knowledge about plant MTs is comparably limited. Unlike the vertebrate isoforms, which strictly contain 20 Cys and no aromatic residues, the number of Cys residues in the different plant MT forms shows a greater variety (from 10 to 17) and even aromatic amino acids, including histidine, may be present. 7 In addition, the Cys-rich regions of plant MTs are generally separated by relatively long Cys-free peptide stretches of B15-40 residues length, while the two Cys-rich regions of the vertebrate isoforms are only three amino acids apart. Such remarkable differences between the proteins from these two different kingdoms do most probably account for diverse biological properties and roles, rendering them appealing candidates for a comparative study. But also the members of the four plant MT subfamilies differ significantly from each other, especially with respect to the number and distribution pattern of the Cys residues ( Fig. 1) . What are the functional impacts of these differences? One aim of our study is to analyze if the properties of a given MT form render it more sensitive to oxidation, which might indicate its potential role in redox processes such as ROS scavenging or oxidation triggered metal ion release as elaborated below. The binding affinities of MTs for metal ions with the electron configuration d 10 are very high, 4, 8 higher than for most other metalloproteins, 9 suggesting that, if MTs indeed act as a source of metal ions for other biomolecules as frequently proposed, there must be biochemical mechanisms that regulate the binding and release of metal ions from MTs. As reported previously, naturally occurring oxidizing agents, such as glutathione disulfide (GSSG) or H 2 O 2 , promote the release of Zn II from MTs. 10, 11 Moreover, it has been shown that the combination of GSSG with reduced glutathione (GSH) further increases the transfer of Zn II from MT to the apo-form of sorbitol dehydrogenase, 12 yet the precise mode of action of this additional GSH is not known. GSH is the most abundant thiol in mammalian cells and reaches concentrations between 0.5 and 10 mM under normal conditions, while GSSG is present only at micromolar levels. 13 Oxidative stress can decrease the GSH : GSSG ratio to values between 10 and 1. In plants, similar values are observed, e.g. 2.7-3.2 mM GSH and approximately 0.1 mM GSSG in the cytosol of Arabidopsis thaliana callus cells grown from stem explants. 14 In this report we present a comprehensive study of the Zn II -release properties under various oxidizing conditions of representatives of the four main subfamilies of plant MTs: Cicer arietinum (chickpea) MT1 and MT2, Musa acuminata (banana) MT3, and Triticum aestivum (bread wheat) E c -1 (cicMT1, cicMT2, musMT3, and E c -1, respectively, Fig. 1 ). For comparison, human MT2 (huMT2) was also analyzed under the same conditions. As an alternative to oxidation, we also evaluate the effectiveness of proteolysis to enhance metal ion release from MTs. Situations of elevated cellular proteolytic activity are observed, e.g., during germination, 15 apoptosis 16 or hypersensitive response in plants. 17 To generally probe the hypothesis of protease-facilitated metal ion release, the two well studied proteases proteinase K and trypsin were used in our model systems. Further, we investigated if oxidation and proteolytic digestion have similar effects on the release of copper ions from MTs. For this, cicMT2 was chosen as proteins from this subfamily were shown to be involved in the homeostasis of Cu I . 3, 18 
Materials and methods

Protein expression and purification
The preparation of pTYB2 vectors encoding cicMT1, cicMT2, musMT3, E c -1, b E -E c -1, as well as the expression and purification of the proteins were done as described previously for E c -1.
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The g-E c -1 peptide (MGCDDKCGCA VPCPGGTGCR CTSAR), prepared by solid-phase peptide synthesis, was purchased from Sigma-Genosys (Haverhill, UK) and purified by size-exclusion chromatography. huMT2 was a kind gift from Prof. Milan Vašák (University of Zurich, Switzerland) and obtained as reported. 23 After purification, all samples were dialyzed against 1 mM Tris-HCl, pH B 7.5, followed by the determination of the metal-to-protein ratio by flame atomic absorption spectroscopy and thiol quantification. 24 
For details of the derivation of eqn (2) see the ESI. † For the determination of the first-order rate constant, ln((A max À A t )/ (A max À A 0 )) (or ln(A max À A t )) is plotted against the time. In the experiments presented here, straight lines with the slope Àk were generally obtained for the data points between 2.5 and 100 min. Each plot also indicates an initial, faster Zn II release step. However, the corresponding rate constants were all too high to be determined using a regular UV/Vis instrument due to the limited number of time points (0, 0.5, 2.5 min, etc.). All fittings were performed using Origin s 7.
Mass spectrometry
Samples digested with trypsin were subsequently treated with TCEP (10 mM), purified by C4 ZipTip s (Millipore), and analyzed by MALDI-MS. MALDI-MS spectra were recorded on an upgraded Bruker-Daltonics Ultraflex Time-Of-Flight (TOF)/TOF II MALDI mass spectrometer using the control and analysis software Compass v.1.2 (Bruker-Daltonics). Analyses of the peptide fragments found were performed using the FindPept tool of the ExPASy server (http://expasy.org/).
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Results
Release of Zn II upon MT oxidation
If provided in excess, PAR forms exclusively 2 : 1 complexes with Zn II and other metal ions and was previously used to follow Zn was removed in all samples, irrespective of the MT species and of the amount of GSH/GSSG added (Fig. 3) . The picture was similar for the next time point taken, i.e. 2.5 min, with the exception of cicMT2, which showed higher than the average release. The differences in Zn II release, both with respect to the MT species and the amount of GSH/GSSG added, became apparent after 10.5 min and were clearly visible at the end of the data collection, i.e. at 200 min. While some of the samples had reached equilibrium at the end of the measurement, i.e. A 500nm remained constant as for example observed for most of the conditions tested with musMT3 ( Fig. 2) , A 500nm for other samples was still increasing, e.g. for E c -1 (Fig. S1 , ESI †). As equilibrium data are required for the determination of apparent Zn II binding constants (see below), additional fitting of the data was performed where necessary as described in detail in the ESI † resulting in the values for ''infinite'' time given e.g. in Fig. 3 and 4. While differences between the results at 200 min and ''infinity'' were minor for cicMT2 and musMT3, increased Zn II release of up to 20% was observed for cicMT1 and E c -1 and even up to 50% for some of the conditions tested with huMT2. In the following we used the data for infinite time unless noted otherwise.
The relative effect of GSSG addition and hence of an oxidative environment differs significantly for the individual MT species. While the addition of 4.5 mM GSSG led to an increase of Zn II release by a factor of 2-2.7 in the case of the four plant MTs, a factor of 4.5 was observed for huMT2. Due to the different Zn II binding capacities of the investigated MT species, i.e. 4-7 metal ions per MT molecule (Materials and methods), the plot depicting percentage of Zn II release (Fig. 4) differs from the one presenting released Zn II ions per MT molecule ( Fig. 3 ). While the general trend remains the same with respect to the time dependence and the influence of increasing concentrations of GSH/GSSG, values at 200 min or ''infinity'' in the percentage plot clearly show that the five different species can be arranged into two groups: group 1 contains the plant MTs cicMT1, cicMT2, and musMT3, which released up to around 80% of their bound Zn II at the highest GSSG concentration tested, while the members of group 2, namely E c -1 and huMT2, released only around 40%.
Release of Zn II upon proteolysis
Proteases catalyze the hydrolysis of peptide bonds and are involved in a multitude of biochemical processes including degradation and mobilization of storage proteins for seedling development. 37 To evaluate the influence of proteolytic cleavage on the Zn II release of MTs, Zn II binding competition experiments were performed for the five different MT species as described above, but this time in the presence of either trypsin or proteinase K. The choice of proteases was based on the fact that all MT species investigated in this work exhibit potential trypsin and proteinase K cleavage sites both within their Cys-rich and Cys-free regions allowing a direct comparison of the results (Fig. 5 and Fig. S2 , ESI †). MALDI-MS measurements were performed to analyze the cleavage products, however, due to the much higher number of proteinase K cleavage sites, only the spectra obtained for the trypsin digestions could be analysed in detail. The positions of the potential trypsin cleavage sites and the peptide fragments detected in the mass spectra are depicted in Fig. 5 . It has to be noted that the mass limit in these measurements was roughly 1200 Da and that it was accordingly not possible to detect smaller fragments. In Fig. 6 the Zn II release from the five MT species upon treatment with the two different proteases is shown and compared to the amount of Zn II removed in the control experiments and after addition of 4.5 mM GSSG. Treatment with trypsin increased the amount of Zn II released from the four plant MTs compared to the control experiments by 20 (cicMT1 and cicMT2) to 50% (E c -1), while huMT2 was completely unaffected. In all cases, less Zn II was removed than upon treatment with 4.5 mM GSSG.
Digestion with proteinase K increased the Zn II release compared to control conditions by 90 (cicMT1) to 240% (E c -1) provoking even Zn II release from huMT2 (150% more). Only for E c -1, the amount of Zn II ions released upon digestion with proteinase K was higher than upon treatment with 4.5 mM GSSG.
For all other MT species tested, the amount was lower or equal. Comparing the percentage of Zn II release depicted in Fig. 6(B ions, respectively. In contrast, in 3-4.5 mM GSSG the g-domain releases up to 30% of its Zn II (a 2-fold increase with respect to the control condition), while the b E -domain releases about 20% (3-fold increase). When the individual domains were treated with trypsin, the observed combined Zn II release was identical to the one measured for the full-length protein (Fig. S5 , ESI †) as trypsin digestion of E c -1 generated largely the same peptide fragments as digestion of the individual domains (Fig. 5) .
Release of copper ions from cicMT2
PAR also forms colored complexes with Cu II (ref. 38 ) and, as demonstrated here, can be used to investigate copper ion transfer reactions. The Cu I -form of cicMT2, Cu 9 cicMT2, was prepared under anaerobic conditions. As for the Zn II -form, GSSG also caused release of Cu I ions from the protein (Fig. 8) . Incubation with 1 mM GSH and 2 mM GSSG more than doubled the transfer of copper ions to PAR compared to (Fig. 4) . Rate constants were determined from the semi-log plots described in the experimental part using linear data fits (Fig. 9) . Only data from the control experiments, 1 mM GSH and 1 mM GSH/4.5 mM GSSG, were evaluated (Table 2 ). While differences between most values are significant, it is apparent that they have the same order of magnitude, i.e. 1-9 Â 10 À4 s À1 .
As a general trend, rate constants are higher in solutions containing 1 mM GSH, while oxidizing conditions can accelerate (E c -1, g-E c -1), slow down (cicMT2, huMT2) or even do not effect (cicMT1, musMT3, b E -E c -1) the rate of Zn II release from the different MTs. The initial faster Zn II release step evident from the semi-log plots for rate-constant determination (Fig. 9) could not be quantified due to instrumental limitations. However, for b E -E c -1 the time frame for this initial step was slightly extended (B4.5 min) and the respective data (control and 1 mM GSH) indicate an acceleration of release and hence an increase of the corresponding rate-constants by one log unit ((1.8 AE 0.9) Â 10 À3 and (4 AE 1) Â 10 À3 s À1 ). 
Discussion
Release of metal ions under oxidative conditions and upon proteolysis
Incubation of representatives of the four main plant MT subfamilies as well as human MT2 with 1 mM GSH and increasing GSSG concentrations to mimic the cellular situation of oxidative stress causes increasing release of Zn II ions.
Oxidative conditions clearly have a larger effect on the plant MTs from the subfamilies containing long Cys-free linker regions, i.e. cicMT1, cicMT2, and musMT3, than on E c -1 and huMT2 ( Fig. 1 and 4) . The data also reveal that the first three MTs respond faster to addition of GSSG. After around 10 min cicMT1, cicMT2, and musMT3 show a significantly higher Zn II release under oxidative conditions compared to the control experiment, while the differences for E c -1 and huMT2 are much less pronounced. Protective effects of MTs against oxidative stress were shown in several studies, e.g. induction of mouse MT1 in MT-deficient hamster cells decreased the number of oxidative DNA strand breaks. 41 In plants, up-regulation of MT mRNA was observed in vivo as a response to ROS, e.g. increased mt1a transcript concentrations in leaves of A. thaliana upon treatment with AgNO 3 42 and higher mt2 transcript levels in cork oak or mt3 levels in cotton seedlings after exposure to H 2 O 2 .
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The seed-specific plant E c -1 proteins however have been so far not linked to oxidative stress conditions, but rather associated with Zn II storage for rapid cell division and protein production during seed germination. 45, 46 In this respect, the pronounced differences observed might indeed allow us to make a correlation to different functions of the plant MT1, MT2, and MT3 proteins versus E c -1 in vivo. The higher susceptibility of the plant MTs with the long linker regions to oxidation might indicate a role in ROS scavenging. Alternatively or complementarily, oxidation of Cys residues in these proteins could be a specific mechanism to release MT-bound metal ions when required. For instance, Cu/Zn-superoxide dismutase is one of the enzymes overexpressed upon ROS exposure 47 release from cicMT1, cicMT2, and musMT3 is lower or equal to the values observed under oxidative stress conditions ( Fig. 6(B) ), digestion of E c -1 with proteinase K clearly increases the percentage of released Zn II ions up to a value in the range observed for the other three plant MTs under the same conditions. Accordingly, the modulated action of proteases could be an efficient way to liberate Zn II ions from E c -1, even more as germinating wheat has indeed been shown to have increased proteolytic activity. 48, 49 Comparing the different degrees of Fig. 9 Determination of first-order rate constants exemplified for musMT3 under control conditions. Panel (A) shows the experimental data from the competition experiment with PAR followed by UV/Vis spectroscopy at 500 nm. Panel (B) depicts the semi-log plot of the absorption data against time with A max denoting the absorption value at equilibrium (A 0 equals 0 in this case). The first fast Zn II release step is defined by the time points at 0 and 0.5 min and hence is not sufficiently defined for an analysis. The gray straight line shows the linear fit for the determination of the second slower Zn II release step. metal ion release upon treatment with trypsin or proteinase K, the correlation with the increased number of cleavage sites is obvious and expected. Being technically polydentate metal ion chelators, cleavage of the peptide backbone can be considered as an inversion of the so-called chelate-effect of coordination chemistry, reducing the binding affinity of a given MT for metal ions. In addition, the exact position of peptide backbone cleavage can also be important and hence the choice of protease can offer a mechanism for the specific regulation of metal ion availability in vivo.
There are strong indications that the plant MTs from the MT1, MT2, and MT3 subfamilies play a role in Cu homeostasis. For example, tissue-specific induction of mt1, mt2, and mt3 gene transcription and MT1, MT2, and MT3 overexpression was observed in A. thaliana upon treatment with Cu II . 50 In addition, overexpression of cork oak MT2 had a protective effect against Cu toxicity as demonstrated in yeast complementation assays. 
Influence of the Cys-free linker region
Approximately twice the amount of Zn II ions were released from the full-length E c -1 protein compared to the separate domains b E -E c -1 and g-E c -1 under control conditions and all redox conditions tested (Fig 7) . A similar study was previously performed with human MT2 and its two separate domains. But different from E c -1, the full-length huMT2 protein was found to be less prone to oxidation and Zn II transfer. 51 These opposing results illustrate that obviously no generalization is possible with respect to the enhanced or reduced stability of a multi-domain MT compared to its separate domains. On the one hand it is reasonable to assume that the larger the number of potential binding sites within a chelate the greater is the overall affinity for metal ions 52 and hence it should be beneficial in terms of metal ion binding to connect multiple domains via linkers to a larger entity. On the other hand it is also conceivable that, especially with shorter linkers, the spatial proximity of one domain interferes with metal ion binding in the respective other domain, e.g. by repulsive charge effects as all domains of E c -1 and huMT2 have a neutral or slightly negative overall charge. Also steric effects implied by the linker region might play a role, i.e. if a steric strain causes the domain structure to become more solvent accessible and hence more accessible to oxidizing agents and metal chelators. However, this view is contradictory to the experimental results insofar as the shorter linker region in huMT2 should impose the greater steric strain, but huMT2 is more stable against metal ion release and oxidation. Clearly more experimental insights are required, but the general assumption that two domains evolved to stabilize the resulting MT should certainly be viewed critically. It also has to be noted that neither in huMT2 nor in E c -1 could direct inter-domain contacts be observed, e.g. with NMR spectroscopy. Hence whatever the influence of the respective other domain might be, at most transient contacts can play a role. E c -1 exhibits not only a linker region between its two metal binding domains, but also an additional Cys-free, 15 amino acids long stretch within the b E -domain ( Fig. 1 and 5) . Cleavage of this linker during the trypsin digestion experiments clearly has a destabilizing effect of the b E -domain, which is larger than the influence of trypsin cleavage on the g-domain. 39 Here, one weak binding site (log K app 7.7), two sites with higher affinity (10.7 and 10.9) as well as 4 Zn II sites with log K app 11.8 were observed. The different results reported in these two studies of vertebrate MTs were attributed to the differences in protein preparation: rabbit MT2 was isolated from the native source without pH changes, while huMT2 was over-expressed in Escherichia coli and subjected to a reconstitution step at pH 1-2.
In the present work, we determined an apparent binding constant for huMT2 of 12.5 ( 7, 20, [25] [26] [27] For the determination of the first-order rate constants of Zn II release, data points between 2.5 and 100 min were used. The preceding faster Zn II release step evident from the semi-log plots ( Fig. 9 ) was not quantified due to instrument limitations. As depicted in Fig. 3 In summary, this work shows the distinct differences in oxidative Zn II release between the various plant MTs and huMT2 and highlights proteolytic digestion as an alternative mechanism for controlled metal ion release from MTs. It has to be noted however that the latter mechanism is associated with a higher metabolic cost for the organism requiring synthesis of a protease as well as causing the irreversible degradation of the respective MT. 
